Background: Tea green leafhopper is one of the most dominant pests in Chinese tea plantations. Recent evidence, including morphological and molecular data, revealed that tea green leafhopper in China is the same species as in Japan, Empoasca (Matsumurasca) onukii Matsuda. Previous morphological study that revealed variation in the structure of the male genitalia within and among populations of this species suggested that there may be significant population-level genetic variation. To provide powerful molecular markers to explore the population genetic diversity and population genetic structure of this pest in China, microsatellite markers were obtained by AFLP of sequences containing repeats (FIASCO). Results: Eighteen polymorphic markers were evaluated for five populations of E. (M.) onukii, Two related empoascine leafhopper species were selected to test the transferability of the markers. Population genetic structure of E. (M.) onukii was detected using Structure analysis, principal coordinate analysis (PCoA) and variance analysis. The identified markers were polymorphic with total number of alleles ranging from 6 to 24 per locus, observed and expected heterozygosity ranged from 0.133 to 0.9 and 0.183 to 0.926, respectively, and the polymorphic information content value over all populations varied from 0.429 to 0.911. Conclusions: This is the first study to demonstrate that microsatellite markers provide valuable information for genetic structure of E. (M.) onukii in Chinese tea plantations. There is obvious genetic differentiation between the two populations in the Southwest tea area. These microsatellite markers will be the powerful tools for genetic studies of E. (M.) onukii and improve understanding of the microevolution of this species.
Background
Tea green leafhopper, one of the most dominant pests in Chinese tea plantations recognized since the 1950s, causes considerable yield loss each year by piercing and sucking young leaves of tea [1, 2] . An incorrect scientific name, Empoasca vitis (Goëthe), was applied to this species for nearly 30 years in China and caused confusion in academic and applied research on the pest [3] [4] [5] [6] , but recent study of morphological and molecular evidence both revealed that tea green leafhopper in China is the same species as that occurring in Japan, Empoasca (Matsumurasca) onukii Matsuda [7, 8] .
In China, tea-growing regions are fairly widespread across different climatic zones and tea green leafhopper has adapted to different habitats, conditions that may have given rise to genetic differentiation among populations. Previous studies have attempted to explore the genetic diversity of tea green leafhopper using either RAPD (Random Amplified Polymorphic DNA) techniques to assess the genetic polymorphism and relationships among seven populations of this species [9] or sequencing of mtDNA from the COI and 16S rRNA gene regions from different populations [10] [11] [12] . However, these studies were conducted without first confirming the species identifications of the leafhoppers included, using morphology. Because of the high species diversity (>800 species worldwide and >200 in China) and morphological similarity of the Chinese fauna of Empoasca it is important to examine the male genitalia of specimens used in such studies to ensure accurate identification. Also in these previous studies only a few genetic markers were used for a single individual, and their variation was too low for studying population structure. As a result, the population structure of E. (M.) onukii is still poorly understood.
Based on their high polymorphism, codominance, abundance, and stability, microsatellite markers have been widely adopted to obtain multilocus genotypes using minute quantities of DNA [13, 14] . They are also known to provide more information than a single marker (such as mtDNA) on population genetic differentiation, allowing study of colonization patterns and population dynamics using simple statistical procedures [15] . Only three previous studies of leafhopper pest populations have incorporated microsatellite data. Papura et al. isolated ten and eight microsatellite markers, respectively, for Scaphoideus titanus Ball and Empoasca vitis (Goëthe), and subsequently showed that European S. titanus populations originated from northeastern North America [16] [17] [18] . Shabani et al. suggested that climatic and/or geogeraphical barriers might induce population genetic differentiation of the leafhopper Hishimous phycitis using the mitochondrial cytochrome oxidase I (COI) gene and nine microsatellite DNA markers isolated by FIASCO [19, 20] . Unfortunately, two of the three leafhopper species included in these previous studies are distantly related to Empoasca, belonging to a separate cicadellid subfamily (Deltocephalinae), and we were unable to consistently amplify the microsatellite markers developed for these species in Chinese E. (M.) onukii populations.
Tea production originated in Southeast China more than 3000 years ago and is now widespread in tropical and subtropical regions of the world [21] . Our previous comparative morphological study revealed variation in male genitalia among individuals taken from different populations of E. (M.) onukii [7, 22] . This suggests that there may be broader underlying genetic differences that could be revealed through study of molecular data. According to the previously recognized divisions of Chinese tea production areas, the provinces of Henan, Shandong and Shaanxi belong to the Jiangbei tea area and have different climate and topography from the provinces of Sichuan and Yunnan in the Southwest tea area [23] . Given the substantial climatic differences between the Jiangbei and Southwest tea areas, as well as the existence of geographic barriers (e.g., mountain ranges, large rivers) that may restrict gene flow both within and between these areas, genetic differentiation might be expected to occur among E. (M.) onukii populations both within and between the recognized areas.
The aim of this study was to develop microsatellite markers and to use them to analyze genetic structure of E. (M.) onukii populations in the Jiangbei and Southwest tea areas. These microsatellite markers will provide the tools needed for genetic studies of E. (M.) onukii aimed at elucidating the microevolution and population dynamics of this species in China. This information will help pinpoint the origin of this pest and its routes of dispersal, which will be used to develop environmental friendly control strategies against this species in different tea areas.
Methods

Samples collections
Tea green leafhopper specimens used in this study were collected from tea plantations in five provinces representing five geographic populations (see Fig. 1 and Table 1 ). To reduce the likelihood of sample contamination by non-target species, specimens were collected by sweep net from the middle of tea plantings in areas without weeds and non-tea plants. Specimens representing each population were carefully collected from five sites near the central areas in three tea plantations. At least 50 male individuals were collected in each province and thereafter identified by the corresponding author in the laboratory using morphological characters described previously [7] . All the specimens are now deposited in the Entomological Museum, Northwest A&F University, Yangling, China (NWAFU) in absolute alcohol at −20°C.
Screening microsatellite from enriched libraries
Microsatellites were enriched and isolated by FIASCO [24, 25] . Genomic DNA was extracted from a pool of 10 specimens (with genital segments removed for morphological identification) by a modified CTAB protocol [26] . DNA concentration was measured using an ND-1000 spectrophotometer (Bio-Rad, Hercules, CA, USA). The (AG) 12 , (AC) 12 and (AAC) 8 -enriched partial genomic libraries were constructed by FIASCO. 100 ng of DNA was digested with MseI (BioLabs, Beijing, China) and ligated to prepared MseI AFLP adaptors (5′-TACTCAG-GACTC AT-3′/5′-GACGATGAGTCCTGAG-3′) using T4 DNA ligase (TaKaRa, Dalian, China) The linkeradaptor-PCR was performed in a final volume of 50 μL containing: 2 mM MgCl 2 , 250 uM dNTP, 0.8 uM MseI AFLP adaptors and 0.32 U of Taq DNA polymerase (TaKaRa, Dalian, China). The reaction procedure included denaturing at 94°C for 3 min, followed by 20 cycles of 30 s at 94°C, 1 min at 53°C, 1 min at 72°C, and a final extension of 10 min at 72°C. 300-750 bp DNA fragments were purified and separated using a QIAquick PCR Purification Kit (QIAGEN, Shanghai, China). The product was then denatured for 5 min at 95°C and hybridized with biotinylated probes ((AC) 12 , (AG) 12 and (AAC) 8 ) for 2-3 h, respectively. DNA fragments were selectively captured by streptavidincoated magnetic breads (10 mg/μL, Dynalbeads M-280 Streptavidin, Invitrogen). Nonspecific binding and redundant DNA was eluted by several non-stringent and stringent washes. The microsatellite-enriched DNA fragments were amplified with MseI-N (5′-GATGAGTCCTGAG-TAAN-3′). The PCR products were ligated to pMD19-T vectors (TaKaRa, Dalian, China) and transformed into Escheri-chia. coli strain Trans1-T1 as follows: cells were cultured at 37°C for about 16 h on LB agar plates containing ampicillin, X-gal, and IPTG for blue/white selection. Insert-positive bacterial clones were transfered into liquid medium with ampicillin in 96-well plates and cultivated at 37°C for about 4 h. PCR amplification was performed in a volume of 25 μL containing: 1 μL bacterium solution, 2 mM MgCl 2 , 250 uM dNTP, 0.8 uM each of M13 forward and M13 reverse primer and 0.32 U of Taq DNA polymerase (TaKaRa, Dalian, China). The reaction procedure included denaturing at 94°C for 3 min, followed by 35 cycles of 30 s at 94°C, 40 s at 57°C
, 50 s at 72°C, and a final extension of 10 min at 72°C . PCR products were considered as positive clones when two or more bands appeared in the 100-500 bp size range and were sequenced by Sangon (Shanghai, China) after purification. 
Primer design and preliminary evaluation of amplification
The results were screened for SSR motifs by SSR Hunter 1.01 [27] . Primers were designed based on sequences containing four or more microsatellite repeats using Primer 5.0 [28] . Following primer synthesis, DNA of E. (M.) onukii individuals was amplified in 10 μL total volume with 20 ng DNA and containing 2.5 mM MgCl 2 , 250 uM dNTP, 1uM each of forward and reverse primer and 0.2 U of Taq DNA polymerase (TaKaRa, Dalian, China). All of the primers were screened by "touchdown PCR", which included 4 min denaturation at 94°C: 30 s at 94°C, 30 s at 50°C to 60°C (dropping 0.3°C/cycle), 30 s at 72°C, 30 cycles, then 35 cycles of 30 s at 94°C, 30 s at 57°C, 30 s at 72°C, and one cycle of 7 min at 72°C. Thereafter, the optimum annealing temperature of primers was determined by gradient temperature PCR, including a 4 min denaturation at 94°C, 30 s at 94°C, 30 s at 50 to 65°C (dropping 1°C/sample), 30s at 72°C, 30 cycles, then 7 min at 72°C. Finally, fragment length polymorphism of products amplified with the optimum annealing temperature were further analyzed by 6 % polyacrylamide gel electrophoresis for samples representing eight individuals from four E. (M.) onukii populations. From the results of electrophoresis, polymorphism was defined as the presence of more than two alleles (bands of different size). Polymorphic markers were selected based on their performance in PCR and number of alleles.
Polymorphism evaluation in E. (M.) onukii populations and cross-species amplification
Thirty-one selected primers were synthesized and labeled as forward primers (FAM). To obtain accurate allele frequencies, 30 individuals per population (150 individuals in total) collected from the five different populations were used to evaluate polymorphism (Table 1 ). All primers were tested for cross-amplification in the related non-target species Empoasca (s. str.) sp. (n = 8) and Alebrasca actinidiae Hayashi & Okada (n = 8). Genomic DNA was extracted from each single individual by CTAB, yielding a concentration of > 20 ng/μl and polymorphism was assessed by using labeled primers and the PCR protocol noted above. PCR products were then run by automated capillary electrophoresis using a genetic analyzer (3130xl; ABI, Foster, CA, USA). Data were analyzed using GeneMapper v4.0 (Applied Biosystems, Foster City, CA, USA).
Genetic diversity analysis
The frequency of null alleles was evaluated by MicroChecker [29] . The number of alleles per polymorphic marker (A), observed heterozygosities (H O ), expected heterozygosities (H E ) and polymorphism information content (PIC) were calculated by Cervus 2.0 [30] . The allelic richness (AR) was estimated using a minimum sample size of 25 diploid individuals in HP-Rare v1.0 [31] . Deviations from Hardy-Weinberg equilibrium (HWE) across markers in different populations were calculated by Genepop v3.4 [32] . Linkage disequilibrium (LD) between pairs of markers was carried out with Genepop v3. 4 . P values were corrected for multiple tests by applying the sequential Bonferroni correction [33] .
Genetic structure analysis
Population structure was defined on the basis of Structure analysis and principal coordinate analysis. Structure 2.3.4 was used to generate clusters of individual genotypes by Bayesian assignment [34] . An admixture ancestry model and the correlated allele frequency model were used to calculate the log likelihood of the data (L(K)) [34] . 20 independent runs for each K (K = 1-10) were carried out with a burn-in period of 50,000 iterations in 1,000,000 Markov Chain Monte Carlo (MCMC) repetitions. The number of genetic clusters (K) among the five populations was determined by the log likelihood of the data (L(K)) and the ad hoc statistic (ΔK) estimated the second order rate of change in L(K) between successive K [34] [35] [36] . The principal coordinate analysis (PCoA) based on Phi-st distances (GD) was performed by GenALEX 6.502 [37] . Nei's genetic distance was obtained by Popgene v1.32 [38, 39] .
Analyses of molecular variance (AMOVA) and fixation indices were performed by Arlequin 3.11 [40] . AMOVA analysis detected genetic differentiation at three hierarchical levels: 1) among groups (i.e. group 1 included the Shandong, Henan and Shaanxi populations; the Sichuan and Yunnan populations belonged to groups 2 and 3, respectively); 2) among populations within groups (i.e. among the Shandong, Henan and Shaanxi populations); and 3) within populations (i.e., among individual leafhoppers in the same population). The significance of the inter-individual and interpopulation variance components were tested with 10,000 permutations. Fixation indices and their significance were tested with 1000 permutations. Arlequin 3.11 was also used to compute the degree of genetic differentiation among five populations as measured by population specific F ST indices.
Results
Evaluation of microsatellite markers
One hundred and seventy-three clones were selected to be sequenced from three microsatellite-enriched libraries, (AC)n, (AG)n and (AAC)n. After searching for repeats, 74 sequences were deemed adequate for designing primers. 56 pairs of primers were obtained, 31 of which successfully yielded clear single target bands of predicted size, with the others showing multi-banding patterns or no amplification when products were visualized on 2 % agarose gels. 21 markers showed fragment length polymorphism, accounting for 37.5 % of total markers. The sequences of the 21 markers have been uploaded to GenBank and accession numbers are shown in Additional file 1: Table S1 . 18 labeled primers were also polymorphic, based on polymorphism evaluation of automated capillary electrophoresis across five E. (M.) onukii populations (Additional file 2: Table S2 ). Eight of these were successfully amplified in the related species Empoasca (s. str.) sp. (collected from Anhui, China) and three in the more distantly related Alebrasca actinidiae Hayashi & Okada (collected from Hunan, China) ( Table 2 ). Five of eight markers were polymorphic in E. (s. str.) sp. However, for A. actinidiae, all three amplified markers yielded single amplified fragments.
Genetic diversity
Eo-4-5, Eo-1-77 and Eo-F-8 exhibited a significant excess of homozygosity and the amplication rates were lower than 50 %. So rejecting Eo-4-5, Eo-1-77 and Eo-F-8, the remaining 18 markers were selected for population genetic studies. After Bonferroni correction, nine markers deviated from Hardy-Weinberg equilibrium (pHWE < 0.01) in different populations, but linkage disequilibrium was not detected for any pair of markers. Eo-54, Eo-1-61, Eo-1-52, Eo-83, Eo-E-12, Eo-70, Eo-36, Eo-1-65 and Eo-1-5 deviated from HWE because of null alleles (Table 3 ), but null allele frequencies were low. The total number of alleles for the 18 markers varied from 6 to 24. The polymorphic information content (PIC) value over all populations varied from 0.429 to 0.911 (Table 3) . Except for Eo-1-5, 17 markers had high polymorphism, with PIC value above 0.5 [41] .
The number of alleles for the 18 markers varied from 4 to 18 among different populations. The mean number of alleles and allelic richness per population ranged from 8.7 to 9.4 and from 8.4 to 9.0, respectively. The mean expected and observed heterozygosity per population ranged from 0.665 to 0.758 and from 0.516 to 0.632, respectively (Additional file 2: Table S2 ). The mean allelic richness was significantly different between the Jiangbei and Southwest populations (t-test: t = 5.400, d.f. = 3. P = 0.012). Similarly, the mean expected heterozygosity were significantly different between the Jiangbei and Southwest populations (t-test: t = 3.763, d.f. = 3. P = 0.033). Analysis of allelic frequencies across all markers showed significant differences between each population pair (Fisher's method, G test, P < 0.05). Allelic frequencies for each marker in each population were shown in Additional file 3: Table S3 .
Genetic structure
Results of Bayesian Structure analysis are shown in Fig. 2a . Although ΔK had peaks in K = 2 and K = 4, the estimated value of L(K) was higher for K = 4 than for K = 2 (Additional file 4: Figure S1 ). The numbers of individuals from Henan assigned to each cluster are similar to those of the Shandong population. The individuals from Shaanxi were assigned to a cluster different from individuals in the Henan and Shandong populations at K = 4. Thus, the most likely value of K was 4, suggesting division into four genetically distinct groups. Whether the value of K was 2, 3 and 4, the Sichuan and Yunnan populations were largely separated into two clusters, indicating that these two geographic populations were clearly genetically differentiated. Similar results were obtained using PCoA for individuals and populations, showing in Fig. 2 . For populations, percentages of variation explained by principal coordinate 1 (PC 1) and principal coordinate 2 (PC 2) were 59.65 % and 28.21 %, respectively, in Fig. 2b , showing clearly separated these Analysis of molecular variance (AMOVA) revealed that majority of the genetic variance originated from variation among individuals within populations (92.78 %) and was highly significant (FST = 0.07219, P < 0.0001). The proportion of genetic variance was larger between groups (4.56 %) than between populations (2.66 %). The fixation indices between groups (FCT = 0.04560, P < 0.0001) and between populations (FSC = 0.02787, P < 0.0001) were significant (Additional file 5: Table S4 ). The F ST , among the Henan, Shandong and Shaanxi populations, ranged from 0.0158 to 0.0415, revealing low genetic differentiation.
There was higher difference in the F ST between the Sichuan and other populations, ranging from 0.0901 to 0.1277. The F ST between the Yunnan and other populations, ranged from 0.0376 to 0.1277 (Table 4) , representing moderate differentiation. The largest difference in the F ST was 0.1277, between the Sichuan and Yunnan populations.
Discussion
Although previous studies reported 27 microsatellite markers for three different leafhopper species [16, 17, 20] , our attempts to amplify these markers in E. (M.) onukii populations failed. This is not surprising, given that two of the three species in these previous studies belong to the distantly related leafhopper subfamily Deltocephalinae and that leafhoppers, in general, are a phyletically diverse and widespread group of insects. The results of crossspecies amplification indicate that, in this group of leafhoppers, microsatellite markers are highly species-specific, and amplification rate of markers developed for one species decrease proportionally according to the genetic distance in other species [13] .
Sufficient numbers of specimens from each isolated population and tests of polymorphism for markers are the key factors for successfully developing microsatellite markers. Accordingly, tea leafhopper specimens in this study were collected from sites at least 500 km distant from each other. Following the recommendations of Hale et al. [42] , we used 30 individual leafhoppers from each site to screen 21 markers using the following criteria: ease of amplification; detection of fragment length polymorphism by polyacrylamide gel electrophoresis; evaluation of population-level polymorphism. The polymorphism of the developed microsatellite markers is moderate to high and shows uneven distribution of alleles, consistent with microsatellite markers of other leafhoppers [16, 17] . Failure of markers Eo-4-5, Eo-F-8,Eo-1-77 due to lack of amplification, monomorphic fragments or unstable polymorphism, may have various causes including mutations within primer regions or presence of secondary DNA structures that prevented amplification. Among the 18 remaining markers, Eo-54, Eo-1-61, Eo-1-52, Eo-83, Eo-E-12, Eo-70, Eo-36, Eo-1-65 and Eo-1-5 deviated from HWE because of null alleles and a deficit of heterozygotes. But null allele frequency of 18 markers, ranged from −0.048 to 0.152, below 0.200 and induced little effect on the result of genetic diversity and genetic structure [43, 44] . As a result, 18 microsatellite markers can be used in the further study of genetic structure in Chinese E. (M.) onukii populations.
High genetic diversity among E. (M.) onukii populations revealed by 18 microsatellite markers is probably due to some combination of geographic isolation and climatic variation among the tea-growing regions in which these populations occur. Genetic diversity and Table S2 ). The Structure analysis also revealed different genetic diversity between the two areas (Fig. 2a) . Yunnan population also showed distinct genetic differentiation, consistent with analysis of mitochondrial gene variation [10] . There is moderate level of differentiation between the Sichuan and the other populations. The highest level of differentiation appeared between the Sichuan and Yunnan populations (Table 4) , and this result was consistent with the result of PCoA for populations and Structure analysis. Tea green leafhoppers appear to have limited dispersal capacity and live in a relatively isolated mountainous and basin environment in the Southwest tea area, which may explain the high genetic differentiation among populations [10, 12] . At K = 4, the Shaanxi population was separated from the Henan and Shandong populations (Fig. 2a) . This may be attributed to the barrier formed by the Qinling Mountains between the Shaanxi and other populations of the Jiangbei tea area. A significant amount of the diversity was shared between individuals in different populations, especially for Henan, Shandong and Shaanxi populations, based on Structure analysis and PCoA for individuals. AMOVA indicated that the genetic variation mainly derived from individual variation, and the fixation indices among groups is larger than among populations within groups. These results suggest high gene flow and low genetic differentiation among the Henan, Shandong and Shaanxi populations, perhaps due to the anthropogenic transport and similar climatic conditions. The microsatellite markers developed here revealed genetic differentiation of E. (M.) onukii in the Jiangbei and Southwest tea areas. However, the data available so far are not sufficient to reconstruct invasion routes. The markers developed here will be used in future, more detailed, analyses of genetic structure of E. (M.) onukii populations in Chinese tea plantations and to study the evolutionary mechanisms yielding the observed variation.
Conclusion
Seventy-four E. (M.) onukii microsatellite sequences were obtained and analyzed. 18 polymorphic markers were selected to analyze five populations of E. (M.) onukii. Study of the genetic structure of five Chinese populations demonstrate that the newly developed markers provide valuable information on the genetic structure of E. (M.) onukii in Chinese tea plantations. The Structure analysis and PCoA for populations reveals that there is significant genetic differentiation between the Sichuan and Yunnan populations and that these have similar genetic diversity to that present among the Henan, Shandong and Shaanxi populations. These microsatellite markers will be powerful tools for genetic study of E. (M.) onukii and yield an improved understanding of the microevolution of this species.
